INTRODUCTION
The production and assembly of subunits of the cytochrome c oxidase complex requires a large number of genes in Saccharomyces cerevisiae and appears to be a highly regulated process (Tzagoloff and Dieckmann, 1990; Pel et al., 1992; Dieckmann and Staples, 1994; Fox, 1996) . The three mitochondrially encoded subunits are synthesized in the matrix and inserted into the inner membrane where they become tightly associated in the core of the enzyme, surrounded by imported subunits encoded by nuclear genes (Tsukihara et al., 1996) .
Cytochrome oxidase subunit II (Cox2p) has substantial hydrophilic domains comprising both its N-and C-terminal portions, which are exported through the inner membrane to the intermembrane space (IMS; Poyton et al., 1992; Iwata et al., 1995; Tsukihara et al., 1996) . Association of Cox2p with the membrane appears to begin with localized translation activated by the membrane-bound mRNA-specific translational activator Pet111p, which recognizes the 5Ј-untranslated leader of the COX2 mRNA (Mulero and Fox, 1993; Sanchirico et al., 1998) . Export of the Cox2p N-terminal hydrophilic domain depends on Oxa1p, a translocase component embedded in the inner membrane (Bonnefoy et al., 1994a; Altamura et al., 1996; He and Fox, 1997; Hell et al., 1997; Kermorgant et al., 1997; Hell et al., 1998) . Another inner membrane protein, Mba1p (Rep and Grivell, 1996) , is also involved in N-tail export (Preuss et al., 2001) . After export, a 15-amino acid leader peptide is removed from the N terminus by a protease comprised of Imp1p, Imp2p, and Som1p (Schneider et al., 1991; Nunnari et al., 1993; Jan et al., 2000) , in a reaction facilitated by the interaction of preCox2p with the inner membrane protein Cox20p (Hell et al., 2000) .
Export of the Cox2p C-tail depends on the inner membrane potential, whereas export of the N-tail does not (He and Fox, 1997) . Thus, these two processes appear to be mechanistically distinct despite the fact that they both depend on Oxa1p (He and Fox, 1997; Hell et al., 1997) . To study further the export of the Cox2p C-tail, we have used a genetic screen to identify S. cerevisiae mutants that are defective in exporting a Cox2p-Arg8p fusion protein across the mitochondrial inner membrane (He and Fox, 1999) . Arg8p is normally a nuclearly encoded protein that is imported into the mitochondrial matrix where it participates in arginine biosynthesis (Jauniaux et al., 1978) . We have synthesized a gene, ARG8 m , that specifies Arg8p in the mitochondrial genetic code and complements a nuclear arg8 deletion when expressed within mitochondria (Steele et al., 1996) . When ARG8 m was translationally fused to COX2, it directed the synthesis of a fusion protein whose Arg8p moiety was largely exported to the IMS (He and Fox, 1997) . Synthesis of the fusion protein supports respiratory growth (Pet ϩ ) but, in certain genetic backgrounds, fails to support Arg ϩ growth due to export of Arg8p from the matrix (He and Fox, 1999) . Thus, mutants that fail to export the Arg8p moiety of the fusion protein can be selected from the Arg Ϫ ,Pet ϩ parent strain by isolating Arg ϩ ,Pet Ϫ colonies (He and Fox, 1999) . To date, this screen has identified two nuclear genes required for export of the C-tail of a Cox2p-Arg8p fusion protein: PNT1 (He and Fox, 1999) and MSS2 (Broadley et al., 2001) , both of which encode mitochondrial inner membrane proteins.
Here we report the isolation and analysis of 35 new mutants that have defects in export of the Cox2p-Arg8p fusion protein. Most of the mutations affected the genes COX18, MSS2, and PNT1. Cox18p was previously shown to be required for the accumulation of Cox2p and was proposed to play a role in assembly of cytochrome oxidase (Souza et al., 2000) . We have studied further the phenotypes and genetic interactions of cox18 mutations, as well as the topology of Cox18p and its interactions with other proteins involved in Cox2p C-tail export.
MATERIALS AND METHODS

Yeast Strains and Genetic Methods
S. cerevisiae strains utilized in this study are listed in Table 1 . Genetic manipulations and standard growth media (YPD, containing 2% glucose; YPEG, containing 3% ethanol and 3% glycerol; YPRaf containing 2% raffinose) were as previously described (Rose et al., 1988; Fox et al., 1991; Guthrie and Fink, 1991) . Synthetic complete medium (SC) was purchased from Bio 101 (Vista, CA). Null cox18 mutations were generated using a cox18::URA3 disruption construct (Souza et al., 2000) or polymerase chain reaction (PCR) products specifying G418 resistance (Wach, 1996) . The cox4⌬ strain was generated using a PCR product encoding a cox4⌬::LEU2 construct (Dowhan et al., 1985) .
Cox18p was tagged at its C terminus with three hemagglutinin (HA) or three MYC epitopes by transformation of DFS188 with a PCR product (Schneider et al., 1995) 
generated by primers SS-40 (5Ј-C T C A C A G G C T C C A T T C C T T C T T T C G C T C T A T T G G A T A T C A T C A C A G C T A T T C T C C C T G G T G C A A A A T A T C A T A T T A A A T T G G A T T T A T C C T T A C C A A C G A A G G G A A C A A A A G C T G G-3Ј) and SS-41 (5Ј-G C A G G A A A G A G T C A G G A A C G G T T G A A G G A T A T T G A A A G T C A T T T T T G T T T A T T T A C A A G C T G A T G T A G A A T T A C A T A T C C T A T C T A T G C G T C A G C T T C A C C T A T A G G G C G A A T T G G-3Ј
). Integrants were confirmed using PCR.
Cox2p was tagged at its C terminus with three HA epitopes by amplifying the 3Ј-end of COX2 with the 5Ј-primer 1058 (5Ј-ACAGCTGCTGATGTT-3Ј), and the 3Ј-primer SS-79 (5Ј-GGCCGG
A T C C T T A C G C A T A G T C A G G A A C A T C G T A T G G G T A G G A G C C C G C A T A G T C A G G A A C A T C G T A T G G G T A G C C C G C A T A G T C A G G A A C A T C G T A T G G G T A T T G T T C A T T T A A T C A T T C C A-3Ј)
to fuse the last 20 base pairs of the COX2 open reading frame (italics) to a triple HA cassette from the pMPY3x-HA plasmid (Schneider et al., 1995) and produce a BamHI site (underlined) immediately after the stop codon. This PCR fragment was cut with BamHI and BbsI and cloned into the similarly cut vector pSH05 Steele et al., 1996 NB75 c MAT␣ ura3-52 leu2⌬ ade2-101 arg8⌬ϻURA3 kar1-1 (ϩ COX2(1-91)ϻARG8 m ) Fox, 2000 NSG1320 b MAT␣ ura3⌬ leu2 ade2-101 lys2 arg8ϻhisG pet111-14 (ϩ) N. S. Green-Willms RCB1
MATa 15 arg8⌬ϻhisG cox18⌬ϻKanR (ϩ) R. C. Burgess SB19 b MAT␣ ura3⌬NS leu2-3,112 his4-519 MSS2ϻ3xHA (ϩ) Broadley et al., 2001 SH36 b MATa ura3-52 leu2-3,112 lys2 his3⌬ arg8ϻhisG (ϩ COX2(1-67) He and Fox, 1999 TF249 b MATa ura3-52 leu2-3,112 lys2 his3⌬ arg8ϻhisG (ϩ COX2(1-251) ura3-52 leu2-3,12 his3-11,15 arg8⌬ϻhisG (ϩ) C. M. Demlow SCS15a c MAT␣ ura3-52 leu2⌬ ade2-101 arg8⌬ϻhisG ura3-52 leu2 his3-11,15 arg8⌬ϻhisG cox18-12 (ϩ) This study SCS44 c MATa ura3-52 leu2 his3-11,15 arg8⌬ϻhisG cox18-80 (ϩ) This study SCS46 c MATa ura3-52 leu2 his3-11,15 arg8⌬ϻhisG cox18-52 (ϩ) This study SCS61 b 112 lys2 his3⌬ arg8ϻhisG COX18ϻ3xHA (ϩ) This study SCS62 b 112 lys2 his3⌬ arg8ϻhisG cox4⌬ϻLEU2 (ϩ COX2ϻ3xHA) This study (He and Fox, 1997) . The resulting plasmid, pSCS16, was introduced by microprojectile bombardment (Bonnefoy and Fox, 2001 ) into a ϩ strain lacking this region of COX2 (NB75) and screening for respiratory growth. Correct integration was confirmed by DNA sequencing.
MATa
Mutant Isolation and Characterization
Arg ϩ mutants were selected from the parent strain SCS15a and screened for respiratory defects as described by He and Fox (1999) . After organization into complementation groups (see RESULTS), DNA fragments complementing the Pet Ϫ phenotype of nuclear recessive mutations were selected from a CEN plasmid library and sequenced to identify candidate genes on the fragments by comparison to the genomic sequence (Goffeau et al., 1996) through the SGD (http://genome-www.stanford.edu/Saccharomyces/).
Overlapping plasmids were analyzed to identify complementing genes, and each mutant allele was determined by sequence analysis of PCRamplified genomic DNA from the mutant strains. This analysis yielded the following alleles: cox18-9 K146(frame-shift [f.s.]); cox18-12 S34I; cox18-32 M1I; cox18-45 K154(f.s.); cox18-52 L176R; cox18-72 L163(f.s.); cox18-78 L23stop; cox18-80 R69I; mss2-19 K309stop; mss2-31 L266stop; mss2-35 N59(f.s.); mss2-47 K64(f.s.); mss2-53 W316stop; mss2-62 E294stop; mss2-64 E167stop; mss2-67 L251R; mss2-71 Y238stop; pnt1-26 I249L, K350I; pnt1-27 N353(f.s.); pnt1-43 L145(f.s.); pnt1-75 A172(f.s.); pnt1-76 T142(f.s.); pnt1-141 R377K; pet309-65 L138stop; pet309-66 S35stop; cbp1-29 G454(f.s.) .
Analysis of Mitochondrial Proteins
Mitochondrial isolation and purification, mitoplasting, proteinase K treatment, and Western blotting were carried out as previously described (Glick and Pon, 1995; Fox, 1997, 1999) . Analysis of mitochondrial proteins was carried out with cells grow in YPRaf. Coimmunoprecipitations were carried out as previously described (Hell et al., 2000) . anti-HA-horseradish peroxidase was from Roche Biochemicals (Indianapolis, IN), and anti-MYC agarose was from Santa Cruz Biotechnology (Santa Cruz. CA).
RESULTS
Isolation and Identification of Mutants Defective for Export of the Cox2p-Arg8p Fusion Protein
Using the previously described genetic screen (He and Fox, 1999) , we have identified 35 new Arg ϩ ,Pet Ϫ mutants from the parent strain SCS15a (Table 2) . Western blot analysis of total protein extracts from the mutant strains indicated they all lacked a characteristic Arg8p degradation product that accumulates after export to the IMS (unpublished results; Fox, 1997, 1999) , suggesting a defect in export of the fusion protein. All of the mutants were mated to an otherwise wild-type rho ϩ strain containing the COX2::ARG8 m fusion gene in its mtDNA (SH345) and to an otherwise wild-type rho 0 strain, lacking mtDNA (SH326). Thirty of the mutants produced respiring diploids when crossed to both the rho ϩ and rho 0 tester strains, indicating the presence of nuclear recessive mutations, although in eight cases the heterozygous diploids' respiratory growth was clearly reduced relative to wild type. Five of the mutants produced respiring diploids when mated to the rho ϩ [COX2::ARG8 m ] tester but not when mated to the rho 0 tester, indicating the presence of mutations in their mtDNAs.
Because pnt1 (He and Fox, 1999) and mss2 (Broadley et al., 2001 ) mutations were already known to block fusion protein export, the nuclear recessive mutants were mated to pnt1⌬ and mss2⌬ strains, and the resulting diploids were tested for respiratory growth to score complementation. By this test, seven of the mutants failed to complement pnt1 and nine failed to complement mss2 mutations. Mutations in these genes were identified by DNA sequence analysis (see MATERIALS AND METHODS), except for one pnt1 mutant. The remaining 14 nuclear mutants complemented both testers, indicating that their mutations were in unknown genes. These 14 mutants, and strains derived from them by meiotic crosses to a rho 0 , were then mated among each other and scored for respiratory growth to sort them into complementation groups. We found six groups. The major group contained eight mutants and one contained two. The others were represented by a single mutant each.
We had previously learned that some S. cerevisiae mutations blocking export of the Cox2p-Arg8p fusion protein have little effect on assembly of unmodified Cox2p into functional cytochrome c oxidase (He and Fox, 1999) . To focus on those mutations having a strong effect in an otherwise wild-type Cox2p background, we combined mtDNA containing wild-type COX2 with the mutations from the 14 unidentified nuclear mutants (by crossing rho 0 derivatives of the mutants to strains containing wild-type COX2 in their mtDNA and isolating meiotic progeny) and scored the resulting respiratory phenotypes. Five mutations from the eight-membered complementation group (cox18 mutants, see below) produced detectable respiratory-defective phenotypes in haploids containing wild-type mtDNA (Figure 1 ), as did both members of the complementation group containing two mutations. One additional mutant, strain SCS15a-29, was also Pet Ϫ in the presence of wild-type mtDNA. Thus, mutations in three complementation groups could block respiration in cells containing wild-type mtDNA. The remaining three mutations caused no phenotype in the presence of wild-type mtDNA and were not further studied.
To isolate the genes identified by the mutations preventing respiratory growth with wild-type Cox2p, we transformed yeast genomic libraries into one representative each of the three complementation groups (MATERI-ALS AND METHODS). Plasmids that restored respiratory growth were analyzed to determine the smallest region necessary to restore respiratory growth and then sequenced. The region of overlap among the plasmids com- 
Analysis of the 35 mutants obtained from the screen resulted in the identification of the 27 mutants listed above. Three of the nuclear mutants were not characterized further, and the remaining five contain mutations in their mtDNA.
Saracco and Fox plementing the eight-membered group contained SPT4 and COX18. COX18 has previously been shown to be required for cytochrome oxidase function and Cox2p accumulation (Souza et al., 2000) . Indeed, all eight strains in this group failed to complement a cox18⌬ mutant and contained mutations in COX18, as revealed by DNA sequencing (MATERIALS AND METHODS). Similar analysis of complementing plasmids, failure to complement known chromosomal deletions, and DNA sequencing identified the two-member complementation group as the COX1 translational activator gene PET309 (Manthey and McEwen, 1995; Manthey et al., 1998) and the one-membered group as CBP1, whose product is required to stabilize the mitochondrial mRNA encoding cytochrome b (Dieckmann et al., 1984; Chen and Dieckmann, 1997) . The alleles we selected in the screen for Arg ϩ ,Pet Ϫ phenotypes exhibited a range of respiratory defects, suggesting that many of the mutated genes were partially functional. We therefore tested the effects of cox18, pet309, and cbp1 null mutations in strains derived from SCS15a, expressing the Cox2p-Arg8p fusion protein (MATERIALS AND METH-ODS). Interestingly, although deletions of each of these three genes caused a Pet Ϫ phenotype, they did not produce Arg ϩ phenotypes. The same difference in phenotype between selected alleles and complete deletions has also been observed for PNT1 (unpublished results) and MSS2 (Broadley et al., 2001) . We conclude that expression of the Arg ϩ phenotype that we originally selected depends on partial function of the mutated genes.
Cox18p Is Required to Export the C-Tail, but Not the N-Tail, of Cox2p
A previous study had demonstrated that Cox18p was an integral mitochondrial membrane protein required for normal Cox2p accumulation and cytochrome oxidase assembly but did not further define its role (Souza et al., 2000) . Because we isolated cox18 mutations in our screen for export defects, we next explored the possibility that Cox18p was required for export of the unmodified Cox2p C-tail domain. We found that deletion of COX18 lowered the steady-state level of Cox2p approximately 10-fold, but the remaining Cox2p could be easily detected by Western analysis using a mAb (Pinkham et al., 1994) that recognizes an epitope in the C-tail (He and Fox, 1997) .
Studies of in vivo Cox2p export from the matrix are complicated by the fact that the exported domains of the protein are assembled into the protease-resistant cytochrome c oxidase complex, making assays of protease sensitivity/resistance in mitoplasts problematic (He and Fox, 1999) . As a new approach to detecting Cox2p C-tail export directly by proteolysis, we attached a triple-HA epitope tag (30 residues) to the C terminus of Cox2p by modifying COX2 in mtDNA (MATERIALS AND METHODS). Because the Cox2p C terminus is at the surface of cytochrome oxidase exposed to the IMS (Iwata et al., 1995; Tsukihara et al., 1996) , we reasoned that the amino acids of a C-terminal epitope might be accessible to protease despite the resistance of native Cox2p domains. Addition of this C-terminal epitope did not appear to affect Cox2p function because strains containing the tagged protein grew at wild-type rates on nonfermentable medium at 14°, 30°, and 37°C. Mitochondria and mitoplasts were prepared from COX18 and cox18⌬ strains expressing this Cox2p-HA fusion protein and treated with added protease. Probing the Western blots with anti-HA antibody revealed that the HA tag on Cox2p-HA was highly sensitive to proteinase K degradation in mitoplasts derived from the wild-type COX18 strain (Figure 2, lane 4) . In contrast, the HA tag on Cox2p-HA in mitoplasts lacking Cox18p was protected from proteolysis ( Figure 2, lane 8) . However, Cox2p-HA was shortened by proteolysis of the cox18⌬ mitoplasts, by partial digestion of the 25-residue exported N-tail (Figure 2, lane 8) . Disruption of the inner membrane by treatment of cox18⌬ mitoplasts with the mild detergent octylglucoside made the epitope accessible to protease (Figure 2, lane 9) . Reprobing the blots with the C-tailspecific anti-Cox2p antibody showed that the Cox2p C-tail was protected from protease in both COX18 and cox18⌬ mitoplasts (Figure 2, lanes 4 and 8) . However, the Cox2p-HA in COX18 mitoplasts was shortened by ϳ3 kDa, as a result of the removal of the triple-HA epitope (Figure 2 , lane 4). (The epitope was also removed from a fraction of the Cox2p-HA by leakage of protease through the outer membrane of the COX18 mitochondria [ Figure 2 , lane 2].) Similar experiments with mitochondria derived from a different nuclear background (D273-10B) gave identical results (unpublished results).
Cox2p C-tail export is dependent on the inner membrane potential (He and Fox, 1997) , raising the possibility that the defect caused by the cox18⌬ is an indirect effect of the specific loss of cytochrome c oxidase activity (Souza et al., 2000) . We therefore asked whether absence of the nuclearly encoded subunit Cox4p, which is known to prevent assem- o . The mtDNA of these strains encoded either the Cox2p-Arg8p fusion protein or wild-type Cox2p, as indicated. All Cox2p-Arg8p-expressing strains are isogenic to strain SCS15a and all Cox2p-expressing strains are isogenic to TMD28 (Table 1) . cox18⌬ strains are SCS32 and RCB1. f.s. indicates a frame-shift affecting the indicated codon.
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Vol. 13, April 2002 bly of cytochrome oxidase (Dowhan et al., 1985) , would prevent Cox2p-HA C-tail export. Proteolysis of mitoplasts from a cox4⌬ strain degraded the C-terminal HA epitope, as well as the endogenous epitope in the Cox2p C-tail (which is labile because of the assembly defect caused by the lack of Cox4p; Figure 2 , lane 13), demonstrating that C-tail export occurs in the absence of cytochrome oxidase activity per se. Thus, decreased membrane potential cannot account for the export defect observed in the cox18⌬ strain.
The protease protection experiments presented above indicate that Cox18p does not play a role in exporting the Cox2p N-tail. To test this hypothesis further, we examined the behavior of a fusion protein comprising the first 67 amino acids of Cox2p and Arg8p (Cox2p[1-67]-Arg8p). Previous experiments have shown that in otherwise wild-type strains the Cox2p N-tail of this chimera is exported through the mitochondrial inner membrane while the Arg8p moiety remains in the matrix (He and Fox, 1997) . Because cytochrome oxidase is not assembled in these cells, the exported N-tail is sensitive to proteases added to mitoplasts. We carried out protease protection experiments on mitochondria and mitoplasts from COX18 and cox18⌬ strains expressing this fusion protein and probed the resulting Western blots with an anti-Arg8p antibody (Figure 3 ). The Cox2p(1-67)-Arg8p fusion protein in both COX18 and cox18⌬ mitoplasts was shortened by proteinase K treatment, confirming that Cox18p is not necessary for Cox2p N-tail export.
The Cox18p C Terminus Is on the Matrix Side of the Inner Membrane
Previous work has shown Cox18p to be a mitochondrial integral membrane protein (Souza et al., 2000) . To examine further the submitochondrial location of Cox18p, we attached a triple-HA epitope tag to its C terminus by altering the chromosomal COX18 gene (MATERIALS AND METH-ODS). This modification had no effect on respiratory growth (unpublished results). Mitochondria were isolated from the strain containing Cox18p-HA and were treated with protease before and after conversion to mitoplasts. Probing a Western blot of the resulting fractions with anti-HA antibody revealed that Cox18p-HA was present in the mitochondria as two species of approximately 40 kDa ( Figure  4A ). Although Cox18p was protected from added protease by the outer membrane of whole mitochondria, a significant fraction of it was cleaved by protease treatment of mitoplasts to an approximately 23-kDa C-terminal fragment containing the HA tag ( Figure 4A ). This C-terminal fragment is protected from protease by the inner membrane because addition of protease to mitoplasts in the presence of 1% octylglucoside resulted in complete degradation of immunedetectable Cox18p-HA. Thus, Cox18p has a domain near the middle that is accessible to protease from the IMS side, and its C terminus appears to be on the matrix side of the inner membrane ( Figure 4B ).
Genetic Interactions among COX18, PNT1, MSS2, and PET111
Many of the mutants isolated in our screen for defects in export of the Cox2p-Arg8p fusion protein exhibited leaky or no respiratory growth defects in strains containing wildtype Cox2p (Figures 1 and 5 ). Thus, we had the opportunity to test for synthetic phenotypes (genetic enhancement) by combining leaky alleles of different genes in double-mutant strains. Three cox18 alleles that had partial or full respiratory ability were mated to six mss2 alleles that also retained at least some respiratory competence with Cox2p. These diploids were sporulated and the resulting tetrads were scored on nonfermentable (YPEG) medium. In many cases, onequarter of the haploid progeny produced by these crosses exhibited clear synthetic respiratory defects when compared with the parents (Figure 5 ). DNA sequencing of the cox18 and mss2 genes in these nonrespiring segregants confirmed Figure 2 . The C terminus of Cox2p-HA is protected from exogenous protease in mitoplasts from a strain lacking Cox18p. Mitochondria isolated from wild-type (SCS95), cox18⌬ (SCS100), and cox4⌬ (SCS197) cells expressing Cox2p-HA from their mtDNA were converted to mitoplasts. Intact mitochondria (MT) or mitoplasts (MP; 75 g of mitochondrial protein) were treated with 25 g/ml proteinase K (prot. K) or mock treated as controls, as described in MATERIALS AND METHODS. cox18⌬ mitochondria were also solubilized with 1% octylglucoside (OG) and treated with protease. The resulting samples were electrophoresed on 12% SDS-PAGE gels, blotted, and probed with anti-HA antibody. The filters were stripped and reprobed with antibodies against Cox2p (CCO6), the IMS marker cytochrome b 2 (cyt. b 2 ), and the matrix marker anti-citrate synthase (cit. syn.). Because of the reduced Cox2p accumulation in cox18⌬ and cox4⌬ mitochondria, 10-fold more mitochondrial proteins from these strains (30 g) were loaded per lane than from wild-type mitochondria (3 g). Because of the unequal loadings of COX18 and cox18⌬ mitochondria, the anti-cytochrome b 2 probing was exposed for different times. that they were double mutants. Interestingly, several of these synthetic defects demonstrate allele-specific interactions between COX18 and MSS2 ( Figure 5 ). For example, the cox18-52 mutant is less severe than cox18-12. However, the cox18-52, mss2-67 double mutant has a more severe phenotype than the cox18-12, mss2-67 double mutant.
Deletion of PNT1 has little effect on respiratory growth of S. cerevisiae strains containing wild-type mtDNA (He and Fox, 1999) . However, in combination with two of the leaky cox18 alleles tested, the pnt1⌬ caused a clear synthetic defect (Figure 5 ). Interestingly, no interaction was observed between cox18-80 and the pnt1⌬, providing evidence for allelespecific interactions between these genes as well.
As noted above, when the original set of Argϩ,Pet Ϫ mutants containing the COX2::ARG8 m fusion in mtDNA were crossed to tester strains with wild-type nuclear genes, eight of the mutants produced diploids whose respiratory growth was significantly slower than wild type. All eight of the these strains proved to contain cox18 mutations. To test whether this reduced respiratory growth could be due to COX18 haploinsufficiency in the presence of the Cox2p-Arg8p fusion protein, we created a heterozygous cox18⌬/ COX18 diploid strain and found that it indeed had reduced respiratory growth relative to an isogenic COX18/COX18 strain ( Figure 6 ). This haploinsufficiency was not observed in cox18⌬/COX18 strains expressing wild-type Cox2p. Interestingly, when we reduced mitochondrial expression of the COX2::ARG8 m mRNA by halving the gene dosage of the rate-limiting COX2 mRNA-specific translational activator PET111 (Green-Willms et al., 2001) in the cox18⌬/COX18 diploid, growth on nonfermentable carbon sources was improved ( Figure 6 ).
Cox18p Interacts with Mss2p and Pnt1p
The allele specificity of synthetic defective interactions among cox18, mss2, and pnt1 mutations suggested that their protein products could interact physically. To test this we created strains whose Cox18p was tagged with a triple-MYC epitope and contained a triple-HA epitope tag on either Mss2p or Pnt1p. Cox18p-MYC was immunoprecipitated from solubilized mitochondrial extracts from each strain with anti-MYC antibody bound to agarose beads (MATERI-ALS AND METHODS). The immunoprecipitates were then analyzed by Western blotting using anti-HA antibody as a probe for coprecipitated proteins. This experiment revealed Figure 4 . The C terminus of Cox18p is protected from added protease by the inner membrane. (A) Mitochondria (MT) were isolated from a strain expressing a Cox18p-HA fusion protein (SCS61). The mitochondria were subjected to mitoplasting in the absence or presence of 100 g/ml proteinase K (prot. K). Protein samples (75 g per lane) were separated on a 12% SDS-PAGE gel and blotted. The blot was probed with anti-HA antibodies and then stripped and reprobed with anti-cytochrome b 2 (cyt. b 2 ) and anti-citrate synthase antibodies (cit. syn.). The C-terminal fragment of Cox18p-HA (fragment) produced in mitoplasts treated with protease is indicated. O.G., ϩ1% octylglucoside. (B) A hydrophilicity plot of the Cox18p protein (Kyte and Doolittle, 1982) . The line indicates the approximate length of the C-terminal fragment relative to the plot, taking into account the 3.5-kDa triple-HA tag. 
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Vol. 13, April 2002 that Mss2p-HA was coprecipitated with Cox18p-MYC but not with the control Cox18p lacking the MYC epitope (Figure 7) . Pnt1p-HA also specifically coprecipitated with Cox18p-MYC, although less efficiently than Mss2p-HA (Figure 7) . The integral inner membrane protein Yme1p was not detectable in the immune precipitates (Saracco and Fox, unpublished results), indicating that our results are not due to nonspecific precipitation of membrane fragments. We have not determined whether the incomplete efficiency of coprecipitation reflects dynamic interactions among the proteins or destabilization of a complex by the digitonin used to solubilize membranes .
DISCUSSION
The components of translocases necessary to export mitochondrially coded protein domains from the matrix to the IMS have not been identified by comparisons of the yeast proteome to known translocases in other systems (Glick and von Heijne, 1996) . Furthermore, biochemical analysis of these translocation events is hampered by the lack of a true in vitro system for mitochondrial translation. We have therefore exploited a genetic screen for mutants with defects in the export of a mitochondrially encoded Cox2p-Arg8p fusion protein (He and Fox, 1999) to find nuclear genes required to export the Cox2p C-tail domain. This screen depends on the fact that export of the fusion protein removes Arg8p from the matrix, causing an Arg Ϫ phenotype, but proteolysis in the IMS generates functional Cox2p that supports respiratory growth. Synthesis and export of this fusion protein appear to stress the mitochondrial system because the organelles have an abnormally light buoyant density, and some mutations that cause nonrespiratory (Pet Ϫ ) growth in conjunction with the COX2::ARG8 m mitochondrial gene do not completely prevent cytochrome oxidase assembly and respiratory growth in conjunction with the wild-type COX2 gene (He and Fox, 1997) . Thus, selection for Arg ϩ mutants is highly sensitive for decreased efficiency of export, and the presence of the fusion protein can enhance export defective phenotypes to produce synthetic respiratory deficiency.
In this study we identified several mutations in the nuclear gene COX18. cox18 mutants had previously been shown to lack cytochrome c oxidase but not ATPase or NADH-cytochrome c reductase (Souza et al., 2000) . Thus, Cox18p is not generally required for insertion of mitochondrially coded proteins into the inner membrane and may be specific for Cox2p. Cox18p had previously been shown to encode an integral mitochondrial membrane protein with four predicted transmembrane helices (Souza et al., 2000) . We confirmed the location of Cox18p and found that its C terminus appears to be on the inner face of the inner membrane, consistent with a possible role in translocation.
It is difficult to detect export of the Cox2p C-tail using protease sensitivity in mitoplasts because the exported protein is assembled into the protease-resistant cytochrome oxidase complex (He and Fox, 1999) . To ask whether cox18 mutants were in fact defective for C-tail export, we utilized a new tool to circumvent this problem. The addition of an HA epitope to the C terminus of Cox2p, which did not detectably affect respiratory growth, allowed us to determine whether the Cox2p C-tail was exported to the IMS in the absence of Cox18p. As expected from the structure of the complex (Iwata et al., 1995; Tsukihara et al., 1996) , this epitope was accessible to protease added from the IMS side of the inner membrane of mitoplasts despite the fact that Cox2p was assembled. In the absence of Cox18p, this HA epitope was protected from proteolytic digestion by the inner membrane. This experiment demonstrated that Cox18p is necessary for C-tail export through the inner membrane.
A previous study demonstrated that export of the Cox2p N-tail was independent of the inner membrane potential, whereas export of the C-tail depends on this potential, indicating that these two processes are mechanistically distinct (He and Fox, 1997) . Our present results support this conclusion genetically, because Cox2p N-tail export proceeded normally in a cox18 deletion mutant. Mutations in COX18 or the other genes we identified cannot simply destroy the inner membrane potential because that would prevent protein import and result in lethality (Lill et al., 1996; Schatz, 1996) . Furthermore, we found that elimination of cytochrome oxidase activity by deletion of COX4 did not prevent C-tail export.
Export of both the N-tail and C-tail is dependent on the conserved inner membrane protein Oxa1p, which appears to function as a translocase (Bauer et al., 1994; Bonnefoy et al., 1994a, b; He and Fox, 1997; Hell et al., 1997 Hell et al., , 1998 Kermorgant et al., 1997; Scotti et al., 2000) . Interestingly, a PSI-Blast comparison suggests that Cox18p resembles Oxa1p homologues from several species, and both proteins have their C termini in the matrix. This similarity suggests that Cox18p could be directly involved in translocation of the C-tail, a reaction that could be dependent on prior translocation of the N-tail by Oxa1p. However, we found that elevated OXA1 gene dosage does not detectably suppress a cox18⌬, suggesting that Cox18p carries out a distinct function. A Cox18p orthologue (42.8% identity) has been identified in the yeast Kluyveromyces lactis (Hikkel et al., 1997) , and a gene coding a homologous protein with 28.5% identity to Cox18p is present in the Candida albicans genome (http://sequence-www.stanford.edu/group/ candida/index.html). However, we have found no homologues in more distantly related species. Although Cox18p is clearly required for export of the Cox2p C-tail, we have not demonstrated that Cox18p functions by direct interaction with Cox2p.
In addition to COX18, our selection identified mutations in two other nuclear genes, PNT1 (He and Fox, 1999) and MSS2 (Broadley et al., 2001) , that were already known to play a role in Cox2p C-tail export. Pnt1p is an integral mitochondrial inner membrane protein with hydrophilic domains facing the matrix side (He and Fox, 1999) , whereas Mss2p is a peripheral inner membrane protein on the matrix side. Thus, it is plausible that Cox18p, Pnt1p, and Mss2p function together in the export of the Cox2p C-tail. Consistent with this idea, we detected synthetic respiratory-defective interactions between certain combinations of cox18 and mss2 alleles, as well as certain cox18 alleles and a pnt1 deletion, in strains containing wild-type Cox2p. In addition, we detected biochemical interactions among Cox18p/Pnt1p and Cox18p/Mss2p through coimmunoprecipitations. Thus, it appears that these three membrane-bound proteins interact on the matrix side of the inner membrane to facilitate Cox2p C-tail translocation. Whether or not they form a stable complex remains to be determined.
The cox18 deletion mutation was fully recessive at the level of respiratory growth in strains containing wild-type Cox2p. However, in diploids containing the Cox2p-Arg8p fusion protein, cox18⌬/COX18 cells grew less well on nonfermentable medium than did COX18/COX18 cells. This partial haploinsufficiency suggests that reduced levels of Cox18p create a bottleneck in translocation that exacerbates the deleterious effect of the fusion protein on mitochondrial biogenesis. If this were the case, then reduced expression of the Cox2p-Arg8p fusion protein might improve respiratory growth of the cox18⌬/COX18 cells. Indeed, deleting one copy of the rate-limiting COX2 mRNA-specific translational activator PET111 (Green-Willms et al., 2001 ) improved respiratory growth of these diploids. This interaction between PET111 and COX18 suggests that the levels of Cox2p translation and translocation activities may be roughly coordinated.
Several of the cox18 mutations we selected by asking for Arg ϩ growth due to reduced fusion protein export were found by DNA sequence analysis to be frame-shift or nonsense alleles near the beginning of the open reading frame, suggesting that they were null mutations. Surprisingly however, we found that a complete cox18 deletion in the same strain background exhibited an Arg Ϫ growth phenotype. Thus, it appears that the selected alleles retain some residual gene expression that is necessary for the unexported fusion protein to function in arginine biosynthesis. Consistent with this idea, we found that treating some of the selected cox18 Mitochondria (500 g) containing the indicated epitope-tagged proteins were solubilized with 1% digitonin as described by Hell et al. (2000) . After a clarifying spin, 250 g of soluble protein were incubated with anti-MYC agarose beads (MATERIALS AND METH-ODS). After a 1-h incubation at 4 o C, the beads were pelleted and washed three times. Bound proteins were eluted with SDS sample buffer, run on 12% SDS-PAGE gels, blotted, and probed with anti-HA-horseradish peroxidase antibodies (␣-MYC IP). Total solubilized mitochondrial proteins (50 g) were precipitated with trichloroacetic acid and similarly analyzed (Total). Strains were SB19, SCS68, SH404, and SCS81 (Table 1) .
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Vol. 13, April 2002 mutants with guanidine hydrochloride, to eliminate the PSI ϩ prion and thereby increase cytoplasmic translational fidelity, produced an Arg Ϫ phenotype similar to the deletion allele (unpublished results). This residual gene expression does not appear to increase the steady-state levels of the Cox2p-Arg8p fusion protein over that seen in the deletion mutant (data not shown). Cox18p is not absolutely required to allow the unexported fusion protein to function in arginine biosynthesis because the cox18⌬ mutation in the D273-10B strain background, which has more robust mitochondrial gene expression than the DBY947 background used here (He and Fox, 1999) , does not cause an Arg Ϫ phenotype. Although we do not understand the basis for this phenotypic difference between the selected alleles and deletions, we have obtained similar results with all of the nuclear genes identified in this study. Deletion of OXA1 also prevents fusion protein-dependent Arg ϩ growth even in the D273-10B background, but in this case the steady-state level of the unexported fusion protein is severely reduced, presumably due to extreme instability (He and Fox, 1997) .
Surprisingly, we also isolated mutations in two genes whose known functions are not directly related to membrane translocation: PET309, a COX1 mRNA-specific translational activator gene (Manthey and McEwen, 1995) , and CBP1, which is required to stabilize the mitochondrial mRNA encoding cytochrome b and possibly play a role in its translation (Dieckmann et al., 1984; Weber and Dieckmann, 1990; Dieckmann and Staples, 1994; Chen and Dieckmann, 1997) . The products of both are present in mitochondria and functionally interact with mRNAs. The submitochondrial location of Cbp1 has not been established, but Pet309p is an integral inner membrane protein (Manthey et al., 1998) . One interpretation of the fact that mutations in these genes can cause an Arg ϩ phenotype in our system is that they might lead to increased expression of COX2::ARG8 m by preventing expression of other mitochondrial genes. However, complete pet309 and cbp1 deletions did not lead to the Arg ϩ phenotype observed with the selected alleles, as would be expected if this mechanism were correct. An alternative possibility is that proteins involved in translation of mitochondrial gene products and their membrane insertion are organized in large complexes. In this case, a mutation in one component of the complex could potentially affect the efficiency with which the Cox2p-Arg8p fusion protein is exported, even if that component were not directly involved in expression of COX2.
